Nuclear movement relative to cell bodies is a fundamental process during certain aspects of mammalian retinal development. During the generation of photoreceptor cells in the cell division cycle, the nuclei of progenitors oscillate between the apical and basal surfaces of the neuroblastic layer (NBL). This process is termed interkinetic nuclear migration (INM). Furthermore, newly formed photoreceptor cells migrate and form the outer nuclear layer (ONL). In the current study, we demonstrated that a KASH domain-containing protein, Syne-2/Nesprin-2, as well as SUN domain-containing proteins, SUN1 and SUN2, play critical roles during INM and photoreceptor cell migration in the mouse retina. A deletion mutation of Syne-2/Nesprin-2 or double mutations of Sun1 and Sun2 caused severe reduction of the thickness of the ONL, mislocalization of photoreceptor nuclei and profound electrophysiological dysfunction of the retina characterized by a reduction of a-and b-wave amplitudes. We also provide evidence that Syne-2/Nesprin-2 forms complexes with either SUN1 or SUN2 at the nuclear envelope to connect the nucleus with dynein/dynactin and kinesin molecular motors during the nuclear migrations in the retina. These key retinal developmental signaling results will advance our understanding of the mechanism of nuclear migration in the mammalian retina.
INTRODUCTION
The mammalian retina is a highly organized structure that functions physiologically as an external sensor to the central nervous systems. Proper retinal development is critical for the establishment and maintenance of vision circuits. The mammalian retina is comprised of three distinct cell body layers: the outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL), separated by the outer (OPL) and inner plexiform layers (IPL), respectively (1) . Within these three cell body layers, there are six cell types: photoreceptors in the ONL, bipolar cells, horizontal cells and amacrine cells in the INL, ganglion cells in the GCL, and Müller cells that are a major glia cell type in all three layers (2 -6) .
Mammalian retinal development involves properly timed cell proliferation, differentiation and migration. Recent studies have revealed at least two kinds of nuclear activities at the proliferative and post-mitotic phases of retinal development (7) . Interkinetic nuclear migration (INM) is a process by which the nuclei of retinal progenitor cells (RPCs) oscillate from the apical to basal surfaces (or central to peripheral) † These authors contributed equally to this work. * To whom correspondence should be addressed. Tel: +1 862165642111; Fax: +1 862165643770; Email: rener_xu@fudan.edu.cn # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com of the neuroblastic layer (NBL). Interestingly, the INM occurs in coordination with the progression of the cell cycle; nuclei at the M phase are located at the apical surface, whereas the nuclei at G1-, S-and G2-phases are located at more basal locations (8) . Following the exit from the cell cycle, some neuronal precursors migrate to their appropriate positions (7) .
The development of mouse retinal photoreceptors takes place in a well-organized temporal sequence. Both rod and cone cell differentiation and synaptogenesis occur postnatally (2 -6) . Rod photoreceptors have been observed to have a specific nuclear movement during early development (4) . Around the fifth postnatal day (P5), when the OPL first appears, a large proportion of rod nuclei are located on the inner side of this layer. Those nuclei will then move through the newly formed OPL and into the ONL. Although this rod photoreceptor nuclear migration pattern was observed decades ago, the underlying molecular and cellular mechanisms remain enigmatic. Moreover, cone cell nuclei also undergo a nuclear migration process during maturation (9) . Only 3 -5% of the photoreceptors are cone cells in the ONL of the mouse retina (10 -12) . At the neonatal stage in mice, the cone cells are located just beneath the retinal pigment epithelium of the retina. These cone nuclei then scatter throughout the ONL between P4 and P11. At P12, the cone cells align their cell bodies in the outer surface of the ONL. However, the migration of cone nuclei has not been analyzed by mutagenesis studies in mammals.
KASH domain-containing proteins (KASH proteins) have a conserved protein motif of 60 residues (KASH domain) in their C-terminal end that commonly spans the outer nuclear membrane, which is critical to the interaction between the KASH protein and the conserved inner nuclear membrane SUN domain-containing proteins (SUN proteins) at the nuclear envelope (NE) (13) . SUN proteins are necessary for the localization of the KASH proteins to the NE in Caenorhabditis elegans, Drosophila, mice and tissue cultured cells (14 -23) . Recently, the KASH and/or SUN proteins have been implicated to be involved in retina photoreceptor nuclear migration and positioning both in flies and in zebrafish. In Drosophila, loss of function of either the KASH gene, klarsicht, or the SUN gene, klaroid, leads to a failure in nuclear migration of photoreceptors during eye development (17, 24) . In zebrafish, overexpression of a truncated form of Syne2a in the retina also results in abnormal INM and the misplacement of photoreceptor nuclei (25, 26) .
Mammalian KASH and/or SUN proteins have been extensively studied in gametogenesis, myogenesis and neurogenesis using mouse genetic approaches (14,16,27 -30) . However, the functions of KASH and SUN proteins during mammalian retinal development are unknown. In this study, we explored the roles of two KASH proteins, Syne-1 (also known as Nesprin-1) and Syne-2 (also known as Nesprin-2), and two SUN proteins, SUN1 and SUN2, in nuclear migration during retinal development in mice. Our results indicate that the KASH protein, Syne-2, and the two SUN proteins mediate nuclear migration of the photoreceptor cells through bridging microtubules with molecular motors to the nuclei.
RESULTS

Deletion of the Syne-2 KASH domain leads to thickness reduction of the ONL of the retina and nuclear mislocalization
To investigate the potential roles of KASH proteins, Syne-1/ Nesprin-1 and Syne-2/Nesprin-2, during mouse retinal development, we examined the eyes of adult mice with a KASH domain deletion in either Syne-1 (Syne-1 2/2 ) or Syne-2 (Syne-2 2/2 ) (31). The overall structures of these mutant eyes were similar to those of wild-type controls (data not shown). However, the cross-sections of the retina of different genotypes reveal that the ONL of Syne-2 2/2 retinas was visibly thinner (23 mm on average) than that of controls (39 mm on average) ( Fig. 1A , B and G). Meanwhile, a group of hematoxylin and eosin (H&E)-stained nuclei, which had similar levels of H&E staining to the nuclei within the ONL, were mislocalized in the OPL and the INL ( Fig. 1A and B ). Unlike the Syne-2 2/2 retina, the retinal laminar structure was normal in both Syne-1 2/2 and Syne-1 2/2 Syne-2 +/2 genotypes ( Fig. 1C and data not shown). We further examined the expression pattern of Syne-1 and Syne-2 in the retina. Syne-1 was undetectable in the retina from embryonic day (E) 18.5 to P9 (Supplementary Material, Fig. S1A -C ′′ ), but expression was detectable in the outer segment (OS) of photoreceptors in adults (Supplementary Material, Fig. S1D -D ′′ ). Interestingly, the signal of Syne-1 was still detectable with similar intensity in Syne-1 2/2 mice (data not shown), suggesting that the antibody against Syne-1 recognizes a Syne-1 isoform without the KASH domain. Syne-2 was highly expressed on the NE in the mouse retina during development (Supplementary Material, Fig. S1E -H ′′ ). From E18.5 to P5, Syne-2 was expressed in both the NBL and GCL. After P5, when the OPL began to appear, the level of Syne-2 in the ONL decreased. After P9, it was highly expressed on the NE of a small number of cells lying within the outer leaflet of the ONL. Meanwhile, the expression pattern of Syne-2 in INL and GCL cells remained unchanged. Because the Syne-1 2/2 Syne-2 2/2 mice died shortly after birth (14, 31) , we examined only their retinas at E18.5. As shown in Supplementary Material, Figure S2A and B, the retinas of Syne-1 2/2 Syne-2 2/2 mice are similar to those of their littermate Syne-1 +/2 Syne-2 2/2 mice at E18.5, supporting the idea that Syne-2, but not Syne-1, plays a major role in retina development.
We further analyzed the Syne-2 2/2 mice to determine the stage at which the thinning of the ONL occurred ( Fig. 2 ). We found that, at the neonatal stages and P3, there were no obvious differences in the overall retina structures between Syne-2 2/2 mice and their wild-type or heterozygous littermates ( Fig. 2A, B , F and G). At P5, the OPL began to appear in wild-type mice ( Fig. 2D) (7, 32) , but not in Syne-2 2/2 mice ( Fig. 2H) . At P9 and P14, the thickness of the ONL in Syne-2 2/2 mice was significantly reduced ( Fig. 2D and E, and I and J). These results suggest that Syne-2 is required during retinal ONL formation.
SUN1 and SUN2 have partially redundant roles during ONL development
The observation that KASH domain-containing Syne-2 is required for proper retinal development suggests that a Syne-2-involved KASH -SUN NE complex may play a critical role in nuclear positioning during ONL development. We thus investigated the potential roles of SUN1 and SUN2 during the development of retina ONL.
The overall structures of eyes of adult Sun1 2/2 and Sun2 2/2 mice were similar to those of wild-type mice (data not shown). H&E-stained cross-sections showed that the thickness of the ONL was reduced in Sun1 2/2 mice ( Fig. 1D and G) but normal in Sun2 2/2 and Sun1 +/2 Sun2 2/2 mice ( Fig. 1E ; data not shown). Shown similarly in Syne-2 2/2 retinas, many nuclei were mislocalized in the OPL and INL in Sun1 2/2 retinas. Furthermore, the ONL of Sun1 2/2 mice was significantly thicker than that of Syne-2 2/2 mice ( Fig. 1B and D) , suggesting a weaker requirement for Sun1 than for Syne-2 in the developmental process.
We also examined the expression patterns of SUN1 and SUN2 in the retina. Similar to the expression patterns of Syne-2, SUN1 and SUN2 were highly expressed on the NE in all the cells from embryonic stage to P5 (Supplementary Material, Fig. S1I -K ′′ and M -O ′′ ). After P9, the overall expression of these two proteins was reduced. However, they were highly expressed on the NE of the cells within the outer leaflet of the ONL (Supplementary Material, Fig. S1L -L ′′ and P-P ′′ ). We also determined that the proper NE localization of Syne-2 in retinas depended on the presence of at least one of the two SUN proteins (Supplementary Material, Fig. S2E ). These results indicate that SUN1 and SUN2 have partially redundant roles in recruiting Syne-2 to the NE of retina nuclei for their proper functions and that SUN1 plays a more dominant role than SUN2.
Similar to Syne-1 2/2 Syne-2 2/2 mice, Sun1 2/2 Sun2 2/2 (double knockout, DKO) mice also died shortly after birth (14, 16) and did not display any obvious abnormalities in their retinal structures at E18.5 (Supplementary Material, Fig. S2C and D). To examine the retinas of the DKO mice, we used a transgenic mouse line that expressed the Sun1 gene driven by the neuron-specific enolase (NSE) promoter (16) . The Sun1 2/2 Sun2 2/2 NSE::Sun1 [death rescued double knockout (RDKO)] mice were alive at birth, and often survived to adulthood. The ONL of adult RDKO mice was visibly thinner than that of Sun1 2/2 mice ( Fig. 1F ) and similar to that of Syne-2 2/2 mice, which is consistent with the lack of the expression of the NSE::Sun1 transgene in the retina (data not shown). This result further supports our hypothesis that SUN1 and SUN2 function redundantly in recruiting Syne-2 to the NE for the proper function in the retina.
Consistent with the above observation, we also noted that the progression of the retinal defects in Sun1 2/2 mice closely resembled that in Syne-2 2/2 mice ( Fig. 2K-O) .
Syne-2 2/2 and Sun1 2/2 mice exhibit excessive apoptosis in the retina
In the ONL of mouse retinas, 95-97% of photoreceptor cells are rod cells (5) . Therefore, the reduction of the thickness of the ONL described above could be attributed mainly to the loss of rod cells. By immunologically staining the rod cells with an antibody directed to rhodopsin, we found significantly fewer rod cells in the ONL of both Syne-2 2/2 (6.5 + 0.6 rows) and Sun1 2/2 (9.0 + 1.0 rows) retinas than in that of wild-type retinas (12.0 + 0.5 rows) ( Fig. 3A; data not shown). The reduction of immunopositive rhodopsin-staining rod cells in Sun1 2/2 mice was slightly weaker than that in Syne-2 2/2 mice, which is consistent with the H&E staining results shown Figure 1 . The retinas of Syne-2 2/2 , Sun1 2/2 and transgenic RDKO mice display a significant reduction in ONL thickness and nuclear mislocalization. (A-F) Representative images of H&E-stained retinal sections from 6-week-old mice of the indicated genotypes. In Syne-2 2/2 (B), Sun1 2/2 (D) and RDKO (F) mice, the ONL is thinner than that of wild-type (A), Syne-1 2/2 Syne-2 +/2 (C) and Sun1 +/2 Sun2 2/2 mice (E). Other structures such as the OPL, INL, IPL and GCL are similar in mice of different genotypes. Asterisks indicate the mislocalized nuclei in Syne-2 2/2 , Sun1 2/2 and RDKO mice. (G) Histogram showing statistical data of the layer thickness of the ONL, INL and IPL in retina sections of Syne-2 +/2 , Sun1 +/+ , Syne-2 2/2 and Sun1 2/2 mice. n . 3 for each genotype. P , 0.05. Asterisks denote significant difference of the ONL thickness between mutant mice (Syne-2 2/2 and Sun1 2/2 ) and the indicated control mice (Syne-2 +/2 and Sun1 +/+ ). The scale bar is 50 mm.
in Figure 1 . During postnatal development of the retina, both cell proliferation and cell death contribute to the normal development for the generation and maintenance of the appropriate number of photoreceptor cells (4). Thus, an apoptotic TUNEL assay was carried out to analyze the progression of cell death in these mouse mutants at multiple developmental stages. At P3, elevated apoptotic signals were detected in Syne-2 2/2 and Sun1 2/2 retinas (Fig. 3B ), and similar results were also observed at P5 in Syne-2 2/2 and Sun1 2/2 retinas ( Fig. 3B ). As expected, no significant detectable apoptotic signal was detected in 6-week-old adult mice. These results are consistent with our observations of the thickness reduction of the ONL in Syne-2 2/2 and Sun1 2/2 mice, indicating that Syne-2 and SUN1 are involved in an early retinal developmental stage and the loss of function of these proteins eventually leads to an increase in cell death linked to apoptosis.
INM is impaired in the retinas of Syne-2 2/2 and Sun1 2/2 Sun2 2/2 mice During RPC proliferation, the nuclei change their positions within the cell as they progress through the cell cycle (INM). Therefore, we suspected that Syne-2, SUN1 and SUN2 may regulate cell number by influencing INM. To assess this hypothesis, we first performed immunofluorescent (IF) staining using anti-phospho-histone H3 (pH3) and anti-Ki67 antibodies in the retina sections of Syne-2 2/2 , Sun1 2/2 and Sun1/2 DKO mice at E18.5. Although anti-Ki67 IF failed to detect any obvious reductions of the number of proliferative cells in Syne-2 2/2 , Sun1 2/2 and Sun1/2 DKO retina, a few anti-pH3-positive mitotic cells were sparsely located within the NBL in both Syne-2 2/2 and Sun1/2 DKO retinas ( Fig. 3C) , indicating a potential defect in INM of these nuclei. These data suggest Syne-2 and SUN1/2 play a critical developmental role in INM during retinal cell proliferation, which is similar to their functional role in the development of the brain cortex (14) . To further uncover the roles of Syne-2 in INM during retinal cell proliferation, we performed injection of BrdU (5-bromo-2-deoxyuridine) into Syne-2 2/2 retinas and IF staining at different time points post-injection (Fig. 4 ). The IF staining results showed that the difference between Syne-2 2/2 and Syne-2 +/2 retinas appeared 9 h post-injection of BrdU. Eighteen hours after injection, more BrdU-positive nuclei could be detected along the outer border of NBL in the Syne-2 2/2 retinas than those in control retinas ( Fig. 4) , indicating that those accumulated nuclei failed to migrate after cell division (disruption of INM). To address the question of whether the INM defect influences cell cycle progression, we examined the cell cycle distribution of progenitors in Syne-2 2/2 and Syne-2 +/2 retinas after 18 h BrdU exposure using flow cytometry ( Supplementary Material, Fig. S3 ). Consistent with the observations described earlier, including the increased apoptotic signals in Syne-2 2/2 retinas, the percentage of BrdU-positive cells in Syne-2 2/2 retinas was slightly, but significantly, reduced. In addition, although there was no significant change in cell populations at G0/G1 and G2/M phases, cell number at S-phase is slightly increased in the Syne2 2/2 retina ( Supplementary Material, Fig. S3 ). These data are consistent with the idea that Syne-2 and SUN1/2 play critical roles in INM and retinal cell proliferation.
Nuclear migration of rod cell is disturbed in Syne-2 2/2 and Sun1 2/2 mice As described above (Fig. 1) , Syne-2 2/2 and Sun1 2/2 mice also exhibit a nuclear mislocalization phenotype in their retinas. To identify the cell type of those mispositioned nuclei, we performed IF staining on the sections of the retinal samples from Syne-2 2/2 and Sun1 2/2 mice using distinct retinal cellular markers. By staining with an anti-PKCa antibody specific to rod bipolar cells (Supplementary Material, Fig. S4 ), we excluded the possibility that these mislocalized nuclei were rod bipolar cells. Furthermore, we found that overexposure of the anti-rhodopsin IF signals in P9 mice revealed an unusual localization of rhodopsin proteins in those mislocalized nuclei (Fig. 3A) in both Syne2 2/2 and Sun1 2/2 retinas, indicating that these are rod cell nuclei. In addition, IF staining for Arrestin1 with a mouse monoclonal anti-D9F2 antibody (33, 34) also showed that the nuclei associated with rod staining, which are positive for Arrestin1 but negative for cone Arrestin4 (anti-mCAR/LUMIj) (35) , were mislocalized in both Syne-2 2/2 and Sun1 2/2 retinas (Fig. 5A ). It has been previously reported that the group of rod cells isolated on the inner side of the ONL migrate from the newly formed OPL to the ONL in the retina around P5 (4). Thus, these results indicate that Syne-2 and SUN1 are involved in proper nuclear migration of rod cells. Noticeably, only a small population of rod cell nuclei in Syne-2 2/2 and Sun1 2/2 retinas was observed to be mislocalized in the INL (Figs 1 and 5) . It is currently not clear whether these defective rod cells were generated at a late stage during retinal development.
Nuclear migration in cone cells is disrupted in Syne-2 2/2 and Sun1 2/2 mice Although only 3 -5% of the photoreceptor cells in the ONL of mouse retina are cone cells, these cone cells are responsive to brighter light intensity and are vital for both discrimination of colors and high-acuity vision (36) . It has been reported that the cone cell nuclei migrate through the ONL and are eventually localized to the outermost of the ONLs (9) . We therefore examined the localization of cone cell nuclei in Syne-2 2/2 and Sun1 2/2 retinas by immunohistological staining of the cone from the synapse to their OS with an antibody against the cone Arrestin4 (mCAR/LUMlj) (33, 35) . We found that although the cone cell nuclei were located along the outer leaflet of the ONL in the wild-type retina, they were displaced to the inner edge of the ONL in Syne-2 2/2 and Sun1 2/2 mice (Fig. 5A) . The nuclear migration of cone cells is crucial for their normal maturation (9) . Using fluorescein-labeled peanut agglutinin (PNA) staining to highlight the OSs of the cone cells in adult mice, we observed that most of the cone cell OSs were lost in Syne-2 2/2 and RDKO mouse retinas, whereas the cone cell OSs in Sun1 2/2 retinas appeared similar to those in wild-type mice (Fig. 5B) . These results indicate that the normal nuclear migration of cone cells is disrupted in Syne-2 2/2 and Sun1 2/2 mice and the severe loss of cone cells in Syne-2 2/2 and RDKO mouse retinas is probably due to defects in early stage proliferation and differentiation of the progenitors, which is consistent with our TUNEL assay data (Fig. 3B ). However, these data do not rule out the possibility that some of the cone cell loss is due to cell death occurring in late stages. Analysis by using an early cone cell marker would help address this in future.
In addition, the expression patterns of SUN1 and SUN2 in the ONL of Syne-2 2/2 and Sun1 2/2 retinas were altered. In the adult wild-type mouse retina, these proteins are confined on the NE of a group of cells along the outer leaflet of the ONL (Supplementary Material, Fig. S5A , B, E and F), similar to those cells stained positive for cone Arrestin4, which labels all cone cells (Fig. 5Ac ). However, these SUN1-and SUN2-positive nuclei were located close to the inner edge in the retinas of both Syne-2 2/2 and Sun1 2/2 mice (Supplementary Material, Fig. S5C , D, G, H, I and J). These results further support the idea that Syne-2, SUN1 and SUN2 are localized on the NE of cone cells and are required for their proper migration. Intriguingly, mCAR antibody staining did not show the same mislocalization pattern of cone nuclei ( Fig. 5; Supplementary Material, Fig. S5 ), raising the question of whether the mCAR marks a different set of cone cells in the mutant. It would also be interesting to use an early cone cell marker along with SUN1 or mCAR antibody to track the positions of cone nuclei at different postnatal stages.
Electroretinography reveals physiological dysfunctions of Syne-2 2/2 and Sun1 2/2 retinas To analyze the physiological consequences of the developmental defects in the photoreceptor cells described above, we carried out electroretinography (ERG) experiments on adult Syne-2 2/2 and Sun1 2/2 mice as well as on their littermate controls. Under dark adaptive conditions, the ERG b-wave amplitudes reflect the extracellular potential that primarily arises downstream of the phototransduction signal cascade. By applying light stimuli of higher intensity, the ERG a-wave amplitude can be evoked from both rod and cone photoreceptors (37) . Compared with the littermate controls, both a-wave and b-wave amplitudes were significantly lower in Syne-2 2/2 mice (Fig. 6 ). Interestingly, Sun1 2/2 mice displayed a similar reduction of the a-wave, but no apparent abnormality in the b-wave ( Fig. 6 ), suggesting that Sun1 2/2 mice still have enough viable photoreceptors to form the appropriate synaptic connections with rod and cone bipolar cells. Taken together, these altered ERG responses are consistent with the structural abnormalities that affect the retinal circuitry in both Syne-2 2/2 and Sun1 2/2 mice.
Syne-2 probably mediates nuclear migration in the retina through a connection with both dynein/dynactin and kinesin complexes
The minus-end microtubule molecular motors, dynein/dynactin complex transport its cargo over long distances along the microtubule network (38) . Previous studies using other systems have described the interactions between KASH proteins and dynein/ dynactin complexes, as well as kinesin complexes, for various nuclear migration functions (14,22,25,26,39 -43) . We tested the hypothesis that Syne-2 bridges the nucleus to the microtubules for retinal nuclear migration and positioning by interacting with these molecular motor complexes. Using co-immunoprecipitation (co-IP), we showed that both the dynein intermediate chain (IC) and a subunit of dynactin complex, p150, could be immunologically pulled down by the anti-Syne-2 antibody from the retina lysate ( Fig. 6A and B) . In addition, we also showed that the anti-Syne-2 antibody could pull down the kinesin (KIF5B) from the retina lysate (Fig. 7C) , consistent with Syne-2 interacting with kinesin for proper INM function during retinal development. Furthermore, IF staining suggests that Syne-2 co-localized with dynein IC, dynactin p150 and KIF5B on the NE of photoreceptor cells (Fig. 7D-F) , although we have not been able to determine whether the NE localization of these motor proteins is dependent on Syne-2. These results are consistent with Syne-2 interacting with both dynein/dynactin and kinesin complexes for INM and nuclear migration of photoreceptors during retinal development. However, because the antibodies we used for co-IP are not specific to migrating cells, the co-IP results do not exclude the possibility that the observed interaction occurred in non-migrating cells. 
DISCUSSION
Previous studies have shown that the mammalian KASH and SUN proteins, Syne-1/2 (Nesprin-1/2) and SUN1/2, mediate the nuclear anchorage and migration process in skeletal muscles and the brain (14, 16, 27, 28, 31) . In this report for the first time, we uncovered the essential modulatory roles of Syne-2 and SUN1/2 in rod and cone nuclear migration in the mouse retina at postnatal developmental stages.
Redundancy and specificity associated with the function of KASH and SUN proteins in mouse development
By analyzing genetic mutants, our previous study builds upon earlier work and establishes the KASH protein pair, Syne-1 and Syne-2, as well as the SUN protein pair, SUN1 and SUN2, to be both structural and functional homologs (14, 16, 30, 31) . The fact that postnatal lethality was only observed when we either deleted the KASH domain of both Syne proteins or mutated both SUN proteins indicates clearly that these homologs share critical physiological roles and genetic redundancy, if not the same essential biochemical roles, during development. However, the redundancies of these homologs are clearly not complete. In the case of SUN proteins, the functional differences appear to be due to the differences in expression levels. In some cells, although both proteins share the same function, expression of one protein is insufficient to fully support the appropriate normal function. For example, in skeletal muscle cells, although expression of either SUN1 or SUN2 is sufficient to support the anchorage of non-synaptic nuclei, expression of both is needed to recruit the strikingly high level of Syne-1 onto the NE of synaptic nuclei that appears to be important for their anchorage underneath the neuromuscular junction (16, 44) . In this current study, we present another scenario. In the retina, SUN1 and SUN2 share common functions as indicated by their redundancy in recruiting Syne-2 to the NE of photoreceptor cells and by the more severe phenotype of Sun1/2 DKO than that of the single deletion mutant of either gene. However, SUN1 clearly plays a more dominant role (Fig. 1D, E and G) , which was not observed in the neuronal function in the mouse brain (14) . SUN protein functions during gametogenesis provided an extreme case of nonredundancy; only SUN1 is expressed in meiotic cells to mediate anchorage of telomeres of homologous chromosomes to the NE during meiosis I (16, 29, 30) .
The situation with the two Syne proteins is more complex. In skeletal muscle cells, the nuclear anchorage function only requires Syne-1 (27, 31, 45) . Syne-2 is also expressed in skeletal muscle cells (44, and our unpublished data), but apparently it cannot perform the same anchorage functions since the double deletion mutants did not display a more severe phenotype (31) . It is unclear whether the Syne-2 protein expressed in the muscle cells contains the actin-binding domain that has been identified as part of the longer isoform of the protein (13, 46, 47) . In contrast, in some aspects of the neuronal functions in the brain and now in the retina, Syne-2, but not Syne-1, plays a dominant role in mediating neuronal migration and INM (14, and Fig. 3C ). Syne-1 is expressed in many of these neuronal cells but not always as an NE-localized protein (14) , suggesting that a unique isoform of the protein may be expressed. We provide evidence that Syne-2 interacts with the cytoskeleton microtubule system through binding to both dynein/dynectin and kinesin complexes during neuronal migration and INM in both the retina and the brain (14, and Fig. 7) . In contrast, Syne-1 has been proposed to interact with the actin cytoskeleton system by its homology to the nuclear anchorage in C. elegans (13, 31) . Therefore, it is possible that these two Syne proteins have distinct functions in many tissues. However, it should be noted that we did observe the two Syne proteins acting redundantly for some aspects of the development of brains in mice (14) .
Roles of Syne-2 and SUN1/2 in INM of progenitor cells and nuclear migration of photoreceptor cells
Using germline deletion mutations of Syne-2, SUN1 and SUN2, we have observed defects in both INM of proliferating progenitors and nuclear migration of post-mitotic photoreceptor cells. These results raise the question of whether the defects observed in the latter event are the consequence of the defects in the former. When we compared the phenotypes of Sun1 2/2 retinas with those of Syne-2 2/2 or RDKO retinas, we found SUN1 KO affected nuclear migration of post-mitotic photoreceptors but not INM, supporting the notion that the KASH-SUN complexes have roles in the photoreceptor cells that are independent of their roles in INM of the progenitors. Generating conditional KO mice, in which Syne-2 or SUN1/2 are specifically mutated in the photoreceptor cells, would be a more robust approach to address this question.
Earlier reports have suggested that abnormal INM could cause a greater number of progenitors to exit the cell cycle prematurely. For example, in zebrafish, defects in INM are accompanied by the differentiation of more ganglion cells, but fewer bipolar and Müller cells develop (25) . However, in our analysis of mouse retinas using anti-PKCa immunological staining, we did not detect a significant reduction of rod bipolar cells in Syne-2 2/2 and Sun1 2/2 mice (Supplementary Material, Fig. S4 ). In addition, disruption of Syne-2 or SUN1/2 in mice caused the reduction of the thickness of only the ONL, but not that of the INL and GCL ( Fig. 1 ). This result is also different from the observations made in zebrafish, where defects are also associated with the INL and GCL (25) . It is not clear whether the weaker phenotypes observed in mice are the consequence of the functional redundancy provided by additional KASH-SUN complexes.
Syne-2 and SUN1/2 mediate nuclear migration through connecting with dynein, dynactin and kinesin in the mouse retina
Our results demonstrate that the mammalian KASH protein, Syne-2, and SUN proteins, SUN1 and SUN2, are involved in nuclear migration of photoreceptors during mouse retinal development. Previous studies on Drosophila have shown that the KASH protein, Klarsicht, and the SUN protein, Klaroid, are involved in photoreceptor nuclear anchorage and migration during eye development (17) . Similar findings were obtained in zebrafish, showing that the KASH protein, Syne2a, and dynactin mediate photoreceptor positioning during vertebrate retinal development (26) . Our earlier studies in the brain led to a suggestion that Syne-2 interacts with both dynein/dynactin and kinesin complexes during neuronal cell migration and INM in the mouse brain (14) . The role of dynein in neuronal migration has been well documented in previous studies (48) . The roles of kinesin have been indicated only recently. For example, in a recent report, Kinesin 3 was shown to play a critical role in mediating INM in the mammalian brain (49) . Interaction between kinesin and a KASH-SUN complex during nuclear migration in C. elegans has also recently been shown and analyzed in detail (50) . Therefore, our co-IP data showing interactions of Syne-2 with both kinesin and dynein complexes probably reflect the interactions involved in nuclear migration in the retina.
Recent studies also showed that myosin II is required for the INM both in the zebrafish retina and in the mouse brain (51 -53) . We found that the non-muscle myosin IIB heavy chain (HC) is co-localized with dynein IC in the mouse retina (Supplementary Material, Fig. S6 ). Therefore, Syne-2 interaction with myosin for normal functioning in the mouse retina remains to be determined.
MATERIALS AND METHODS
Animals
Mouse breeding and experimental manipulations followed the general guidelines published by the Association for Assessment and Accreditation of Laboratory Animal Care. All mouse strains in this study were generated in our laboratory and maintained on a C57/Bl6-and 129/SVJ-mixed background (16, 30, 31) . All animal-related procedures were reviewed and approved by the Institute of Developmental Biology and Molecular Medicine Institutional Animal Care and Use Committee.
Histological analysis and IF staining
The eyeballs were dissected out and directly embedded in Frozen Section Medium Neg-50 (Richard-Allan Scientific) by immediately freezing them in liquid nitrogen-cooled isopentane. H&E staining was conducted following the method previously described (31) .
Eye sections were fixed in 0.4% paraformaldehyde in phosphate-buffered saline (PBS) solution. They were then washed with PBS several times and resuspended in PBS with 0.2% Triton X-100 for 1 h at room temperature. Blocking was performed by incubating the sections at room temperature in PBST (0.2% Triton X-100 in PBS) with 5% normal goat serum for at least 1 h. Samples were then incubated overnight with diluted antibodies in PBST with 5% normal goat serum at 48C, and then washed three times in PBST. Secondary antibodies, fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG (Sigma, 1:500) or FITC-conjugated goat antimouse IgG (Sigma, 1:200), were used to visualize the protein staining. For DNA visualization, all the samples were washed several times with PBST and stained for 10 min with 4 ′ ,6-diamidino-2-phenylindole (DPAI) before they were mounted in anti-fading solution for photographing. The antibodies used in this study were mouse anti-rhodopsin (04886, Sigma, 1:500), mouse anti-PKCa (P5704, Sigma, 1:500), rabbit anti-cone Arrestin4 (mCAR/LUMIj, 1:500) (35), mouse anti-Arrestin1 (D9F2) (generously provided by Larry A. Donoso, 1:20 000), mouse anti-dynein IC (MAB1618, Chemicon, 1:500), mouse anti-p150 (Glued) (610474, BD Bioscience, 1:500), mouse anti-kinesin (KIF5B) (MAB1614, Chemicon, 1:500) and rabbit anti-non-muscle myosin IIB HC (generously provided by Xiaobing Yuan,1:500).
For PNA staining, fixed frozen sections were washed with PBS two to three times, and blocked with the blocking solution (0.5 mg/ml BSA in PBS) for 30 min at room temperature. Fluorescent-labeled PNA (Vector, 1:500) and DAPI (D8417, Sigma, 1:1000) in PBS were then added and incubated for 30 min at room temperature. The sections were washed three times with PBS before they were mounted in anti-fading solution for photographing.
Microscopy
Samples were visualized and photographed with Leica DMRXA2 and DMIRE2 microscopes equipped with DC350F and DC300 CCD on bright field, rhodamine, fluorescein or UV channels. Only representative images were used for statistical analysis.
BrdU labeling and flow cytometry
To label the proliferating progenitors in retina, newborn mice at P2 were injected with 50 mg of BrdU/g of body weight by percutaneous intravenous injection (54) . The progenitors were labeled at S-phase. During the process of INM, the localization of progenitors was examined on retina sections by changing the BrdU exposure time.
The cell cycle distribution of progenitors was analyzed following a previous protocol with minor modifications (55) . Briefly, the retinas were dissociated with 0.06% trypsin + EDTA solution in PBS for 5 min at 378C and then treated with 60 mg of DNase I. The dissociated cells were harvested and fixed with 0.25% paraformaldehyde in PBS for 10 min.
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After incubation in 2 N HCl for 30 min and neutralization by borate solution, the cells were stained with anti-BrdU antibody (eBioscience, 11-6071-73, 1:100). Flow cytometry was performed using the FACSCalibur flow cytometer (BD Biosciences) and analyzed using CellQuest (BD Biosciences) and FlowJo (Tree Star) software.
Mouse ERG
In general, 10-to-12-week-old female mice were allowed to dark-adapt overnight. These mice were then anesthetized with intraperitoneal injection of ketamine (200 mg/kg) and xylazine (10 mg/kg) mixtures. Three needle electrodes were pierced into the mouse tail and both sides of the shoulder skin, respectively, and two other cornea electrodes specific for mice were placed on the mouse corneas. The ERG responses were recorded by Electroretinograms System (RETIport32, Roland consult, Germany).
Statistical analysis
Comparisons between groups were made by an unpaired twotailed Student's t-test. The P-value was calculated based on the comparison with controls. Data are reported as means + standard errors for triplicate sections of retina from at least three mice per group.
co-IP and immunoblot analysis
co-IP and immunoblot analyses with antibodies against dynein IC, p150 and KIF5B were done according to the procedures described previously (14) . Briefly, the retinas were homogenized in TNP buffer [50 mM Tris -HCl (pH 7.4), 150 mM NaCl and 0.3% NP-40] and extracted for 30 min on ice. After centrifugation (13 000g for 10 -15 min), the supernatant was mixed with the antibody or control IgG and rotated end-over-end for 6 h at 48C. Aliquots were further centrifuged and then incubated with protein A agarose overnight at 48C. The beads were then collected at 1000g and were washed thoroughly in TNP buffer four times. Finally, the beads were boiled in the loading buffer and were subjected to SDS -PAGE (5-10%), followed by immunoblot analyses with enhanced chemiluminescence detection according to the manufacturer's instructions (Pierce and Santa Cruz).
